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Abstract 
Electroluminescence imaging under forward (EL) and reverse bias (ReBEL) has been applied to correlate defect 
distribution and breakdown sites in solar cells made of UMG-Si. An InGaAs camera system is used for luminescence 
detection, providing access to band-to-band and to the sub-band gap radiative transition in silicon. In contrast to 
previous papers the ReBEL reported here is observed only in the near-infrared (1.25 eV - 0.6 eV) spectral range and 
no visible luminescence has been detected. It is found that ReBEL intensity correlates with dark I-V characteristics. 
The overall distribution of breakdown sites in cells is different from the distribution of dislocations exhibiting 
luminescence at 0.8 eV (grain boundaries, defects). For the first time, a spatial separation between such defects and 
breakdown sites is clearly established by high resolution images, giving evidence that the defects showing sub-band 
gap luminescence do not take part in breakdown. It is further concluded that such radiative defects reduce the affinity 
for breakdown in their vicinity. 
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1. Introduction 
The breakdown voltage of solar cells is an important parameter characterizing their quality. A low 
breakdown voltage indicates a high risk of damages of the entire solar module because of local heating in 
the module and therefore limiting the module’s life span. The breakdown behaviour of mc-silicon solar 
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cells has been investigated by lock-in thermography (LIT) [1] and electroluminescence imaging in 
forward (EL) and reverse biased mode (ReBEL) [2]. Breakdown is usually caused by two distinct 
mechanisms: avalanche breakdown and internal field emission [3]. The breakdown sites are localised at 
defect regions of a solar cell. A classification of the breakdown types was established by different groups 
depending on their appearing voltage and voltage dependence [3, 4]. Several approaches to explain the 
origin of the breakdown behaviour were published over the last years. Some of them are ohmic shunts, 
contamination of the wafer surface with Al particles prior to the phosphorous diffusion step specifically 
for breakdown type 1 [5] and clusters of oxide precipitates [6]. Nevertheless, the origin of the breakdown 
behaviour in silicon solar cells is still under discussion. Our current work deals with new aspects of the 
breakdown, focusing on differences and interactions between the defects exhibiting dislocation-related 
luminescence (namely D1-line at 0.8 eV [7]) and defects exhibiting ReBEL. We detected ReBEL only in 
the near-infrared part of the spectrum. Moreover, in contrast to most previous works we report results on 
UMG-silicon solar cells. 
2. Experimental 
For our investigations, we used solar cells (15 cm x 15 
cm) made from two different UMG materials. The cells 
exhibit differences in their dark I-V characteristics. 
Luminescence spectra were measured by a spectrometer 
equipped with a 300 l/mm grating and an InGaAs CCD 
detector. Spectra are shown in Fig. 1. Luminescence images 
were acquired at room temperature using a 640 x 512 pixel 
InGaAs CCD camera. Images of entire cells as well as 
detailed images with a resolution down to 50 μm can be 
taken with our system [8, 9]. The spectral range of 
luminescence was selected by filters. 
Fig. 1. Examples of PL and ReBEL spectra at 300 K on defect regions in mc-Si. 
3. Results and Discussion 
The typical ReBEL spectrum included in Fig. 1 shows a broad peak between 1000 and 1800 nm. As 
compared to previous reports [10, 11] no light emission in the visible range (400 - 800 nm) was observed. 
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Fig. 2. ReBEL of solar cells of two different material qualities: (a) ReBEL of material 1; (b) ReBEL of material 2; (c) 
correlation of ReBEL overall intensity (data points) and dark I-V characteristics (lines). 
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ReBEL in the near-infrared part of light was not yet reported up to now. The correlation between 
electrical properties and ReBEL is demonstrated in Fig. 2. Figs. 2a and 2b show the distribution of the 
ReBEL emission observed for 25 mA/cm2. The relation between the total ReBEL intensity spectrally 
integrated over the entire solar cells and the applied reverse voltage (data points)  is shown in Fig. 2c. It 
correlates almost 1 to 1 with the dark I-V characteristics (lines). Such a correlation was suggested by 
Breitenstein et al. [4]. We have shown here for the first time the existence of such behaviour. 
More details about the spatial distribution of the luminescence image of the cell of material 1 are 
shown in Figs. 3a - 3c. The standard BB image (Fig. 3a) illustrates the distribution of carrier lifetime. 
Regions of reduced BB intensity indicate recombination-active defects. The distribution of crystal defects 
causing D1 luminescence band is visualised in the D1 image (Fig. 3b). Fig. 3c shows the ReBEL 
distribution. Certain regions of different breakdown types can be distinguished depending on their 
intensities and voltage dependences. Regions with different breakdown types are marked in Figs. 3b and 
3c by rectangles. The corresponding voltage dependences of the different types are given in Fig. 3d. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Investigation of a solar cell by luminescence imaging: (a) BB at +0.5 V, (b) D1 at +0.7 V, (c) ReBEL taken at -12.5 V and 
(d) voltage dependence of the different breakdown types 1, 2, 3a and 3b. Corresponding regions are marked in Figs. (b) and (c). 
Breakdown type 1 shows a linear voltage dependence from about -5 V to -13 V. Extended regions of 
breakdown type 2 start to appear at -8 V to -9 V, emitting ReBEL with an exponential voltage 
dependence. This breakdown type is correlated with a low D1 intensity in its vicinity. Breakdown type 3 
is the most important one for the electrical properties of the 
solar cells. That means the voltage at which it appears 
correlates with the beginning of the breakdown in the I-V 
characteristics. This voltage differs from solar cell to solar cell. 
The classification of types 1-3 is very similar to previous 
reports [3, 4]. Two regions of this breakdown type 3 are marked 
in Fig. 3 and are labelled 3a and 3b. 
Previously it was supposed that defects exhibiting D1 
luminescence under forward bias should also exhibit ReBEL 
[6]. This hypothesis stems from low resolution imaging. Fig. 4, 
however, which shows the region 3a with higher magnification 
clearly demonstrates a spatial separation of defects emitting D1 
luminescence (white network-structures) and of defects 
emitting ReBEL (black spots). This is a very surprising result 
and forces the implication that grain boundaries and other 
defects emitting D1 luminescence do not take part in the 
breakdown. It must be pointed out that in the vicinity of defects 
emitting D1 luminescence only breakdown sites emitting 
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ReBEL of type 3 could be detected, but neither type 1 nor type 2. 
The neighborship of defects emitting the type 3 ReBEL and of defects emitting D1 luminescence 
indicates a possible relation between both defects. A corresponding region is labelled 3a in Fig. 3. Other 
breakdown sites - labelled 3b in Fig. 3 - show the same voltage dependence, but exhibit no local relation 
to defects emitting D1 luminescence. Because of this behaviour it is possible that these defect types differ 
in their origin of ReBEL. Therefore we suggest a separation of the breakdown type 3 [3, 4] into 3a and 
3b. Type 3a is directly correlated to the presence of D1 in its vicinity. The other type 3b has the same 
voltage dependence but appears independent on defects emitting D1 luminescence. Further work with 
microscopic methods such as electron-beam-induced current and cathodoluminescence should be applied 
to get a better understanding of the defects.   
Further investigations will be presented on Symposium A of the EMRS 2012 Spring Meeting. A more 
detailed publication in the corresponding conference proceedings is under preparation. 
4. Conclusion 
Electroluminescence imaging of BB and D1 could be correlated with ReBEL in the near-infrared part 
of UMG-silicon solar cells whereas in the visible part of the spectrum no light was observed. The 
correlation between the electrical properties (dark I-V characteristics) and ReBEL has been confirmed. A 
spatial separation between defects and grain boundaries emitting D1 luminescence and defects emitting 
ReBEL was observed by high resolution imaging. Moreover, an interaction between radiative defects and 
non-radiative defects in the vicinity has been indicated. This could lead to a reduced affinity for 
breakdown in the vicinity of radiative defects. The existence of an additional breakdown type has been 
supported, which is characterised by the presence of intense D1 luminescence in the vicinity. 
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